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Perennial plant communities in the proximity of metal smelters and reﬁneries may receive substantial
inputs of base metal particulate as well as sulphate from the co-emission of sulphur dioxide. The Ni
reﬁnery at Port Colborne (Canada) operated by Inco (now Vale Canada Ltd.) emitted Ni, Co and Cu, along
with sulphur dioxide, between 1918 and 1984. The objectives were to determine if vascular plant
community composition, including standing litter, in twenty-one woodlots on clay or organic soil, were
related to soil Ni concentration which decreased in concentration with distance from the Ni reﬁnery. The
soil Ni concentration in the clay woodlots ranged from 16 to 4130 mg Ni/kg, and in the organic woodlots,
ranged from 98 to 22,700 mg Ni/kg. The concentrations of Co and Cu in the soils were also elevated, and
highly correlated with soil Ni concentration. In consequence, each series of woodlots constituted a ‘ﬁxed
ratio ray’ of metal mixture exposure. For each of the woodlots, there were 16 independent measurements
of ‘woodlot status’ which were correlated with elevated soil Ni concentration. Of the 32 combinations,
there were eight linear correlations with soil Ni concentration, considerably more than would be ex-
pected by chance alone at a p-value of 0.05. With the exception of mean crown rating for shrubs at the
clay sites, the correlations were consistent with the hypothesis that increased soil metal concentrations
would be correlated with decreased diversity, plant community health or ﬁtness, and increased accu-
mulation of litter. Only ﬁve of the eight linear correlations were from the organic woodlots, suggesting
that the observations were not confounded with soil type nor range in soil metal concentrations.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Plant communities in the proximity of metal smelters and re-
ﬁneries may receive substantial inputs of base metal particulate as
well as sulphate from the co-emission of sulphur dioxide. These
pollutants can alter soil chemistry, litter decomposition, nutrient
cycling, seed germination, establishment of seedlings and plant
community composition (Johnson and Hale, 2004; Feisthauer et al.,
2006). Examples of these pollutant sources include metal mines
and smelters located in boreal or taiga climates, such as in Harja-
valta (Finland), Monchegorsk (Russia) and Sudbury (Canada). The
soils in these boreal or taiga climates are typically podzols, whiche by Klaus Kummerer.
Stone Road East, Guelph, ON
Ltd. This is an open access article uare poorly buffered and become very acidiﬁed because of co-
deposition of sulphur along with the metals. The reduction in soil
pH then exacerbates the toxicity of the added metals and depletes
nutrients from the soils. This combination of stressors was linked to
leaf litter decomposition and changes in the forest vegetation
communities in Sudbury (Freedman and Hutchinson, 1980a, 1980b,
1980c). During that period of study, the SO2 emissions from the
Sudbury smelters was still very high, which is no longer the case.
The Ni reﬁnery at Port Colborne (Canada) operated by Inco (now
Vale Canada Ltd.) emitted Ni, Co and Cu, along with sulphur diox-
ide, between 1918 and 1984, which has resulted in elevated Ni, Co
and Cu concentrations in soils of local woodlots. The Ni in these
soils primarily occurs as oxides which would not be very soluble in
soil pore water (Kukier and Chaney, 2000). In situ aging of the
metals would likely include chemical transformation and irre-
versible binding to soil particles and thus a reduction in metals
toxicity (Lanteigne et al., 2012; Shi et al., 2012).nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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plant community composition and condition, and standing litter
mass, in woodlots on clay or organic soil, were related to pseudo-
total soil Ni concentration (hereafter referred to as “soil Ni”
measured in mg/kg) which decreased in concentration with dis-
tance from the source. The raw data were collected as part of the
Community Based Risk Assessment conducted by the company, and
are available at the Port Colborne Public Library (Jacques Whitford
Environmental Ltd., 2002). The present study is a new analysis of
those data, including calculation of new ecological indices for plant
community status, and treatment of soil Ni as a continuous variable
for the determination of effects.2. Methods
2.1. Site identiﬁcation and characterization
Thirteen woodlots on clay soils and eight woodlots on organic
soils were identiﬁed for study based on previous soil mapping of
soil Ni (Kuja et al., 2000) (Fig 1). Fifteen sample points at each of theFig. 1. Locations of21 sites were identiﬁed (Bonham, 1989; Chapman, 1976) which
were 5m apart in all directions, and arranged in a grid of three rows
of ﬁve sample points. Duplicate soil cores (0e5 cm depth) were
collected at each of the 15 sample points, at each of the 21 sites; the
30 cores at each site were aggregated for characterization. Soil
moisture content was determined gravimetrically; the remainder
of the sample was dried at 30e35 C to a constant weight. The
sample was disaggregated with a mortar and pestle and screened
through a 2mm sieve. The fraction less than 2mmwas then ground
to pass a 355 mm sieve, and digested using concentrated nitric acid
and hydrochloric acids for determining the pseudo-total concen-
trations of soil Ni, and soil cobalt and soil copper (hereafter denoted
as “soil Co” and “soil Cu”, respectively) using US EPA Method 3010
(US EPA, 2015). Soil pH was determined by the saturated paste
method (Miller and Kessell, 2010), and organic matter (OM) was
determined by the loss on ignition method (Ball, 1964).2.2. Standing litter collection
Standing plant litter was collected at each of the ﬁfteen samplewoodlot sites.
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from a 50 cm2 circle within 0.5 m of the grid point. The litter
comprising the LF layer soil horizon (Webber and Hoffman, 1967)
was sorted into: woody litter (twigs and bark); fruits (including
maple and ash samaras, acorn, hickory nuts, beech mast, etc.); and
mixed leaf litter (including leaf materials, stems of herbaceous
plants and vines, ﬁne woody particles and other small organic
fragments). Green plants, current year litter, wood stems greater
than 2 cm Ø, living plant roots, or lumps of soil were discarded.2.3. Species Inventory and Cover
Tree, shrub and herb species, and the percentage of cover (to the
nearest 5%, or nearest 1% if cover was <5%) that each of these three
types of vegetation represented was determined for a circular area
with a radius of 2 m (i.e. 12.57 m2) centred at each of the ﬁfteen
sample points per woodlot. The Diameter at Breast Height (DBH) of
all tree and shrubs 2m tall was determined using a standard DBH
tape or with electronic calipers in the case of shrubs. The percent
dead branches in the crown was estimated to the nearest 5%, not
including those branches that died as part of normal self-pruning.
This rating of ‘crown condition’ ranged from 0 (no dead branches)
to 10 (no live branches). The total number of recently dead standing
individuals was counted at each site, separately for trees and
shrubs.
Species richness (S), the Shannon and Weaver Diversity Index
(H ¼ Pni¼1ri lnri (Spellerberg and Fedore, 2003)) and species
evenness (J’ ¼ H'/lnS) were calculated for each of the ﬁfteen sample
points at each woodlot site, for the vascular plant community, and
separately for the shrub layer only. Calculating both J0 and H0 is
somewhat redundant; in the present study it was done to allow
direct comparison to previously published studies that used a va-
riety of biodiversity indices. Also calculated was Sørensen's Coef-
ﬁcient of Community CC ¼ 2a/(2a þ b þ c), where a equals the
number of species common to both sites, and b and c are the
number of species unique to each of the sites being compared
(Sørensen, 1948). The reference sites for the calculation of CC were
chosen to have both low soil Ni, and large number of individuals
and species, thus maximizing the likelihood of detecting a rela-
tionship between CC and soil Ni.2.4. Statistical analysis
The ﬁfteen determinations of standing vegetation and litter at
each of the twenty-one woodlots were pseudo-replicates as there
was only one determination of soil metal concentration at each of
the twenty-onewoodlots, albeit a composite of soil sampled at each
of the ﬁfteen sites at each woodlot. Arithmetic means of these
pseudo-replicates and their standard errors were determined;
these arithmetic means were then treated as unreplicated obser-
vations along a gradient of soil nickel concentration. The linear
Pearson correlation coefﬁcient was calculated for soil Ni and each of
the following variables: soil Co and soil Cu; standing litter (of
leaves, twigs and fruits); % cover (of trees, shrubs and herbs); total
basal area, mean rating of crown condition and number of recently
dead individuals (of trees and shrubs); and species richness, species
diversity and coefﬁcient of community (of all vascular plants, and
the shrub layer, separately). For brevity, only data for which there
was a statistically signiﬁcant (p  .10) correlation with soil Ni are
presented; the remainder of the data are available in supplemental
information. Non-linear correlations are not detected by the Pear-
son correlation coefﬁcient. All datawere analyzed using SAS Ver 9.4
(SAS Institute Inc., Cary, NC).3. Results
3.1. Site identiﬁcation and characterization
The soil Ni in the clay woodlots ranged from 16 to 4130 mg/kg,
whereas in the organic woodlots, soil Ni ranged from 98 to
22,700 mg/kg (Table 1). The soil Co and soil Cu at each woodlot
were lower than soil Ni at the same woodlot (Table 1), and were
highly correlated with soil Ni (>95%), indicating that these metals
were present in a fairly constant ratio on all of these sites. This is
expected, and reﬂects the general composition of the feed pro-
cessed at the reﬁnery, which was originally sulphidic NieCu matte
from the Copper Cliff smelter until 1930, and then nickel oxide until
1984. Consequently, all relationships of woodlot status to ‘soil Ni’ in
descriptions of this study are understood to actually mean ‘soil Ni,
Co and Cu’ because of their collinearity. Soil pH was similar among
sites within soil type: pH of clay woodlots ranged from 6 to 6.2 and
of organic woodlots ranged from 5 to 5.6 (data not shown). Soil OM
at the clay woodlots was 4e6%, while soil OM at the organic
woodlots was greater than 70% (data not shown). Soil texture was
over 80% silt or clay size particles at the clay woodlots.3.2. Litter characterization
Standing leaf litter ranged from 63 to 537 g/m2: the linear cor-
relation coefﬁcient between standing leaf litter and soil Ni in the
organic woodlots (r¼ 0.82) (Table 2) suggested that decomposition
of leaveswas slowed by very elevated soil Ni, or that more litter was
deposited as soil Ni increased. There was no relationship between
standing twig litter weight and soil Ni at either clay or organic
woodlots (Tables S1 and S2). On clay soils, standing leaf litter
weight ranged from 62 to 358 g/m2 but there was no linear cor-
relation between these two parameters (Table S2). There was a
linear correlation between standing fruit litter weight and soil Ni at
organic (r ¼ 0.77) and clay (r ¼ 0.81) woodlots (Tables 2 and 3,
respectively), suggesting that elevated soil Ni depressed the
decomposition of woody plant species' fruits relative to the rate at
which they were deposited.3.3. Plant communities
3.3.1. Species inventory
Seventeen tree species were present in the study plots; 55% of
the trees were Freeman Maple (a.k.a. Swamp Maple, a hybrid be-
tween Red and Silver Maple (Moore,1985)) (Table 4). American Elm
(7.8%), White Ash (7.5%), American Basswood (5.9%), Red Ash (5.3%),
Blue Beech (5.3%) and Red Oak (5.0%) were also common. At least 18
shrub species occurred in the study plots; mostly these were
immature specimens (less than 10 cm DBH) of the tree species
(Table 3). The exception to this were two species (Black Elderberry
and Spicebush) which do not reach tree stature at maturity.
Immature Freeman Maple was the most common shrub (31% of the
population), with Spicebush and Blue Beech accounting for 17.6 and
15.2% of the shrubs, respectively. Twenty-eight herb species
occurred at the 21 woodlots, including seedlings of Freeman's
Maple, Spicebush, and vines such as Poison Ivy, Thicket Creeper,
and Running Strawberry. No attempt was made to distinguish the
species of grass and sedge, nor immature or non-ﬂowering aster
and goldenrods. The most frequently encountered species were
grasses, goldenrods and asters, and Thicket Creeper which were
noted at 15 woodlots each. Slightly less frequent were Wood Fern,
and Poison Ivy at 13 sites each. Jack-in-the-Pulpit was present in 13
plots while avens spp. (Rosaceae) were present at 11 sites.
Table 1
Pseudo-total concentrations of Co, Cu and Ni in soil at each of the 21 woodlots. Bolded values exceed the CCME SQG for that metal (CCME, 2015).
Table 2
Vegetation community indices for organic sites. Reference site to which the others are compared is bolded and italicized.
Soil [Ni] (mg/kg soil) Litter weight (g DW/m2) Diversity and
evenness (all
vascular plants)
Richness and
diversity (shrub layer
only)
Vegetation cover (%) Total basal area (cm2)
Leaves Fruit H0 J0 S H0 Herbs Shrubs
98 181 (11.5) 2.90 (0.30) 2.49 0.88 4 1.09 60 (4.93) 293
128 117 (11.1) 11.5 (1.80) 2.22 0.84 5 1.50 44 (5.76) 481
167 126 (16.9) 4.50 (0.90) 1.62 0.67 4 0.98 47 (6.13) 274
431 127 (12.6) 8.80 (1.1) 1.82 0.87 2 0.69 32.67 (6.27) 302
4745 197 (17.5) 6.10 (1.70) 1.53 0.70 3 0.83 59.33 (3.45) 436
12,900 537 (53.6) 115 (29.6) 1.91 0.83 2 0.50 49.67 (7.00) 123
18,250 411 (47.0) 37.0 (9.9) 1.03 0.45 1 0.00 16.8 (3.70) 224
22,700 400 (45.7) 88.0 (26.2) 1.37 0.66 2 0.60 8.87 (1.66) 153
Pearson's r 0.85** 0.77* ¡0.68¥ ¡0.63¥ ¡0.74* ¡0.74* ¡0.74* ¡0.68*
**p < .01, *p < .05, ¥ p < .10.
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Thenumber of individuals (vascular plants) ranged from42 to 115
amongthe21woodlots, andwasnot correlatedwith soilNi (TablesS1
and S2). ‘Species richness’ (S) for vascular plants ranged from 8 to 20
among the 21woodlots andwasnot correlatedwith soil Ni (Tables S1
and S2). ‘Evenness’ (J0) of the vascular plants ranged from0.66 to 0.90(highly even) among the 21 woodlots, and was a negatively corre-
lated (r¼0.63) with soil Ni for the organic sites, only (Table 2). The
Shannon and Weaver Diversity Index (H0) combines richness and
evenness, and was negatively correlated (r ¼ 0.68) with soil Ni for
the organic sites only (Table 2). The Sørensen's coefﬁcient of com-
munity (CC) for vascular plants was as low at 0.24, but there was no
correlation with soil Ni (Tables S1 and S2).
Table 3
Vegetation community indices for clay sites. Reference site to which the others are compared is bolded and italicized.
Soil [Ni] (mg/kg soil) Litter weight (g DW/m2) Vegetation cover (%) Mean crown rating (0e10)
Fruit Trees Shrub
16 22.9 (5.0) 100 (0) 5
18 14.8 (2.5) 100 (0) 3.55
39 19.7 (7.1) 100 (0) 3.72
39 7.90 (5.2) 99 (0.67) 3.38
41 14.1 (4.3) 100 (0) 3.96
288 4.50 (0.5) 100 (0) 4.18
550 3.20 (0.9) 99 (0.67) 3.38
709 34.5 (8.6) 99 (0.67) 3.1
780 10.0 (4.1) 100 (0) 4.82
1070 38.7 (10.6) 100 (0) 3.88
1505 12.3 (2.8) 100 (0) 3.78
2025 13.0 (5.3) 97 (2.17) 3.38
4130 120 (37.6) 92 (4.47) 2.59
Pearson's r 0.81*** ¡0.90*** ¡0.54*
***p < .001, *p < .05.
Table 4
Tree and shrub species, and the frequency of their occurrence among sites.
Trees # % Of sites Shrubs # % Of sites
Acer x freemanii (Freeman Maple) 177 95.2 Acer x freemanii (Freeman Maple) 142 85.7
Quercus rubra (Red Oak) 16 42.9 Prunus virginiana (Choke Cherry) 55 47.6
Ulmus americana (American Elm) 25 38.1 Carpinus caroliniana (Blue Beech) 91 42.9
Fraxinus pennsylvanica (Red Ash) 17 28.6 Lindera benzoin (Spicebush) 88 42.9
Fraxinus americana (White Ash) 24 28.6 Fraxinus pennsylvanica (Red Ash) 19 33.3
Carpinus caroliniana (Blue Beech) 17 19.0 Tilia (Basswood) sp. 17 33.3
Tilia (Basswood) sp. 19 19.0 Ulmus americana (American Elm) 27 28.6
Carya ovata (Shagbark Hickory) 7 14.3 Fraxinus americana (White Ash) 18 19.0
Fraxinus (Ash) sp. 2 9.5 Fagus grandifolia (American Beech) 21 19.0
Fagus grandifolia (American Beech) 6 9.5 Quercus rubra (Red Oak) 11 19.0
Acer saccharum (Sugar Maple) 6 9.5 Carya ovata (Shagbark Hickory) 7 14.3
Crataegus (Hawthorn) sp. 3 9.5 Acer saccharum (Sugar Maple) 14 14.3
Quercus macrocarpa (Bur Oak) 1 4.8 Ostrya virginiana (Hop-hornbeam) 4 9.5
Acer rubrum (Red Maple) 2 4.8 Fraxinus (Ash) sp. 1 4.8
Betula alleghaniensis (Yellow Birch) 8 4.8 Betula alleghaniensis (Yellow Birch) 1 4.8
Juglans cinerea (Butternut) 1 4.8 Amelanchier (Service Berry) sp. 1 4.8
Salix amygdaloides (Peachleaf Willow) 1 4.8 Sambucus nigra (Black Elder) 1 4.8
Rhamnus cathartica (European Buckthorn) 2 4.8
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indicator of regeneration capacity. Species richness (S) for the shrub
layer ranged from 1 to 9, and was negatively correlated (r ¼ 0.73)
with soil Ni for the organic sites (Table 2). Similarly, the values of H0
for the shrub layer ranged from 0 (one organic site) to 1.71, and
were negatively correlated (r ¼ 0.74) with soil Ni at the organic
sites, but not the clay sites (Table 2). Evenness (J') ranged from 0.63
to 0.99 (i.e. complete evenness) and there was no correlation be-
tween evenness and soil Ni (Tables S1 and S2). The CC for the shrub
layer ranged from 0 to 0.67 relative to the reference site, and there
was no correlation with soil Ni (Tables S1 and S2).
3.3.3. Vegetation cover
Tree cover at all sites was between 92 and 100%; there was a
negative correlation (r¼0.90) between tree cover and soil Ni in the
clay woodlots (Table 3). Shrub and herb cover were substantially
lower: shrub cover for all woodlots ranged from4.7 to 76% and there
was no correlationwith soil Ni (Tables S1 and S3). Herb cover varied
from 5 to 60% among all woodlots; herb cover had a negative cor-
relation (r ¼ 0.74) with soil Ni in the organic woodlots (Table 2).
3.3.4. Vegetation condition
Total basal area (calculated from DBH) for trees at clay sites
ranged from 1714 to over 13,000 cm2 per circular sampling area,and from 110 to about 900 cm2 for shrubs (Table S3); there was a
negative correlation (r¼0.68) between basal area and soil Ni only
for shrubs on organic soils (Table 2). Mean crown rating ranged
from 2 to 5 for trees, and from less than 2 tomore than 7 for shrubs;
there was a negative correlation (r ¼ 0.54) with soil Ni for shrub
mean crown rating on clay soils, meaning that crown rating
improved with increasing soil Ni (Table 3). The number of recently
dead trees and shrubs ranged from 0 to 5, with no relationship with
soil Ni (Tables S1 and S3).
Overall tree mortality (standing dead trees) was 7.39%. The
species with the highest mortality was American Elm with six of
the 25 trees dead (24%). Half of the dead trees were located in the
organic woodlot with soil Ni of 421 mg/kg. Blue Beech had the
second highest mortality of trees (18.75%), and Yellow Birch had the
third highest mortality (12.5%), although this was one tree of the
total population of eight.4. Discussion
The results of the present study contrast with previously pub-
lished studies of coniferous forests in boreal or taiga regions which
had received emissions of Cu and Ni, likely because the latter also
received signiﬁcant inputs of sulphate which acidiﬁed the poorly
buffered soils that are typical of these regions (Freedman and
Hutchinson, 1980b; Wren et al., 2012). This acidiﬁcation leads to
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impact that is difﬁcult to separate frommetals' toxicity. The soils in
the present study were not substantially acidiﬁed by the inputs of
sulphur, despite having very elevated soil Ni in comparison tomany
previously studies. The clay woodlots sampled in the present study
that were within about 10 km of the reﬁnery and had soil Ni be-
tween 500 and 700 mg/kg had almost 100% cover by four or ﬁve
tree species. In contrast, the site sampled by Koptsik et al. (2003)
which was about 8 km from the Pechenganikel smelter, had total
soil Ni of 9.6 mmol/kg (about 550 mg/kg) and had a ‘class of forest
ecosystem’ categorized as ‘heavily damaged’ with 2.8 living trees
per 100 m2. Koptsik et al. (2003) also demonstrated that accumu-
lation of Ni and Cu in the organic horizon of soil was associated
with decreased evenness for tree, ﬁeld (dwarf shrubs and grasses)
and lichen layers of the forest communities. Similarly, evenness (J0)
of the organic woodlots in the present study decreased as soil Ni
increased, but over a range of much higher soil Ni. Sørensen's
similarity index (CC) was calculated by Chernenkova and
Kuperman (1999) for the understory at sites in the vicinity of the
Monchegorsk smelter. They showed that as distance from the
smelter increased, which also was a gradient of decreasing soil Ni
and Cu, the understory vegetation became more similar to the
reference site. Although the present study had the same range in CC
(25%e100%) as Chernenkova and Kuperman (1999), in contrast
with their study, there was no linear correlation with soil Ni for
either the organic or clay woodlots in the present study.
More similar to the present study (because of the dominance of
deciduous tree species) is work on plant community structure
carried out in the Greater Sudbury Region (GSR), where Theriault
et al. (2013) compared plant communities at sites with elevated
soil Ni (1500 mg/kg) vs. control sites (205 mg/kg), as reported in
Nkongolo et al. (2013). Values for the Shannon-Weaver Index (H0)
for an ecosystem typically range up to 3.5, increasing as both
richness and evenness increase and thus to some degree is
confounded with S and J’. Theriault et al. (2013) reported that the
average (H0) for trees only on the elevated Ni sites was 0.76, lower
than for control sites which had an average Shannon-Weaver Index
of about one. The present study determined values for H0 for trees,
only, as comparison: the average H0 value for the three clay sites in
the present study which bracket the soil Ni studied by Theriault
et al. (2013), was 0.68, very similar to that reported by Theriault
et al. (2013).
Themasses of litter produced at thesewoodlot sites were within
typical ranges reported elsewhere for uncontaminated soils. Bray
and Gorham (1964) estimated litter production to be approxi-
mately 3500 kg/ha or 350 g/m2 in cool temperate deciduous forests.
In a study of forest stands in Alaska which included Balsam poplar,
Sitka alder, Sitka spruce, and willow among other species, Hurd
(1971) found total litter fall to average 285 g/m2 over a three-year
study period, of which 183 g/m2 were non-woody (mainly leaf)
litter. At Brookhaven, New York, a mature oak-pine woodland had a
litter fall of 275 g/m2. Weary and Mirriam (1978) reported
275e700 g/m2 of standing litter in a red maple forest. Total litter
production in a sugar mapleeoak forest was reported to be 430 g/
m2 of which 310 g/m2 was leaf litter (Bray, 1963).
Standing litter may increase with soil metal concentration as a
result of decreased soil microbial or invertebrate activity, increased
deposition from the individual plants in the community as an
expression of stress or because the species composition (and thus
rate of litter deposition) of the community varies with soil metal
concentration. Breymeyer et al. (1997) deployed litter bags along
two forest transects in Silesia on podsolic soils; the forest at each of
the ﬁfteen sites was either pine (Leucobryo-Pinetum and Peuece-
dano-Pinetum) or mixed pine (Quercoroboris-Pinetum). The litter
bags contained either coniferous needles, cones, wood or mixturesof same. This study did not explicitly report concentrations of
metals in soils, but reported correlation coefﬁcients for decompo-
sition rate of litter vs. soil and litter metal concentrations, among
which were Cu and Ni. The reported correlations between
decomposition rates of litter and soil Cu and soil Ni were mostly
positive, which is consistent with other studies that have suggested
that microbial respiration increases with pollution (for example,
Palmborg, 1997), or that the deposition of Cu and Ni to soils was
associated with deposition of other nutrients that were otherwise
deﬁcient in these forest systems. Negative linear correlations were
observed between rates of mixed litter and needle decomposition
for Ni, but not Cu, concentration in litter (Breymeyer et al., 1997).
This could mean that most of the Ni but not the Cu is in the veins,
the last tissue to be degraded. McEnroe and Helmisaari (2001)
measured decomposition rate of Scots pine litter and ﬁne roots
along a four-site transect of historic deposition of Cu and Ni from a
smelter that resulted in elevated concentrations of Cu and Ni in the
soil humus layer. Mass loss of ﬁne root litter over 12 months at the
control site was 50%, versus 40% at the site with the most elevated
concentration of copper (5799 mg/kg) and nickel (462 mg/kg) in
soil. Mass loss of needle litter after 12 months at the control site
(37%) was larger than at the most metals-elevated site (27%). Litter
depth and mass was measured at four sites along a transect of
deposition from Ni smelters in the Kola Peninsula in Russia, with
metal concentrations in the A0 soil layer ranging from 45.5mg/kg to
2285 mg/kg for Cu, and 115.5 mg/kg to 6220 mg/kg for Ni
(Chernenkova and Kuperman, 1999). Litter depth and mass were
least at the site with the highest soil metal concentrations, contrary
to the authors' expectation that litter mass would be greater
because of impaired microbial activity. However, basal area of trees
was also least at sites where metal concentrations were the most
metals elevated, which partly explained the litter observation. This
may also explain the elimination of moss and lichen species from
the understory, and the resulting reduction in the anchoring of
litter to the forest ﬂoor, and increased loss to wind and water
erosion. In the present study, only basal area of shrubs on organic
soils was correlated (negatively) to soil Ni, and leaf and fruit litter
weights on organic soils were positively correlated with soil Ni,
suggesting that at the organic sites the rate of litter decomposition
was reduced, rather than more litter being created as soil Ni
increased. This is consistent with other studies. A reduced rate of
litter decomposition is supported by the work of Stefanowicz et al.
(2008), who collected soils from 39 ﬁeld sites at varying distance
from metal mining or smelting activities, and determined basal
respiration rate and active biomass for soil microbes. These indices
were then expressed relative to a calculated ‘toxicity index’ (TI) as
the sites varied inmixture of Cd, Cu, Ni, Pb or Zn; the TI was the sum
of the ratios of soil concentration to EC50 for dehydrogenase ac-
tivity, for the metals in the soil. The four forest sites associated with
Clydach smelter were the most similar to the present study, in
terms of soil Ni (956e6168 mg/kg), soil Cu (169e605 mg/kg) and
soil OM (32 and 60%), although soil pH was lower, ranging from 4.1
to 4.6. The functional diversity of the soil bacterial systems was
negatively correlated with TI (based on total soil metals), and the
two Clydach sites with more than 4000 mg/kg soil Ni were among
the sites with highest TI. This work, then, supports the conclusion
that at the Port Colborne organic sites, accumulation of litter could
be due to loss of functional diversity in soil bacterial communities,
although no effects on litter were seen at the Port Colborne clay
sites, which had a similar range of soil Ni as the Clydach sites.
The plant community status indices were calculated separately
for the shrub layer in the present study, to address the question of
whether these woodlot plant communities are likely to continue
over a long period of time. The presence of fruits in the litter
indicated that the trees were reproducing. However, the negative
B. Hale, P. Robertson / Environmental Pollution 212 (2016) 41e47 47linear correlation between total soil Ni concentration at the organic
(but not clay) sites, and both S and H0 suggests that capacity for the
seeds and fruits to establish themselves into shrubs is compro-
mised when soil Ni ranged up to 22,000 mg/kg. The negative as-
sociation of total soil Ni and total basal area of the shrub layer at the
organic woodlots supports this conclusion.
5. Conclusions
There are few ﬁeld studies of forested metals-elevated sites that
are not also substantially degraded by acidifying emissions. This
study described 16 independent linear correlations between
woodlot status and soil Ni, for each of two site types, for a total of 32
performance indices. Of those 32 independent combinations, there
were eight relationships with soil Ni, more thanwould be expected
by chance alone. The gradient in soil Ni was much greater at the
organic sites than the clay sites, but, three of the eight linear cor-
relations were from vegetation communities on the clay sites. With
the exception of mean crown rating for shrubs at the clay sites, the
correlations were consistent with the hypothesis that increased soil
metal concentrations would be correlated with decreased diversity,
plant community health or ﬁtness, and increased accumulation of
litter. An important context to consider for these data is that most
of the performance indices for these vegetation communities were
not related to soil Ni, despite the fact that the highest soil Ni in the
clay and organic woodlots was 80X and 450X, respectively, the
Canadian Council of Ministers of the Environment (CCME) Soil
Quality Guideline (SQG) for Ni, which is 50 mg/kg (CCME, 2015).
The speciation of Ni in these soils resulting from the transformation
and ageing after deposition, as well as the soil types, likely miti-
gated much of the toxicity that would be expected at these sites.
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